Study Design. A descriptive in vitro study on isolation and differentiation of human mesenchymal stem cells (MSCs) derived from the facet joints and interspinous ligaments. Objective. To isolate cells from the facet joints and interspinous ligaments and investigate their surface marker profile and differentiation potentials. Summary of Background Data. Lumbar spinal canal stenosis and ossification of the posterior longitudinal ligament are progressive conditions characterized by the hypertrophy and ossification of ligaments and joints within the spinal canal. MSCs are believed to play a role in the advancement of these diseases and the existence of MSCs has been demonstrated within the ligamentum flavum and posterior longitudinal ligament. The aim of this study was to investigate whether these cells could also be found within facet joints and interspinous ligaments. Methods. Samples were harvested from 10 patients undergoing spinal surgery. The MSCs from facet joints and interspinous ligaments were isolated using direct tissue explant technique. Cell surface antigen profilings were performed via flow cytometry. Their lineage differentiation potentials were analyzed. Results. The facet joints and interspinous ligaments-derived MSCs have the tri-lineage potential to be differentiated into osteogenic, adipogenic, and chondrogenic cells under appropriate inductions. Flow cytometry analysis revealed both cell lines expressed MSCs markers. Both facet joints and interspinous ligaments-derived MSCs expressed marker genes for osteoblasts, adipocytes, and chondrocytes. Conclusion. The facet joints and interspinous ligaments may provide alternative sources of MSCs for tissue engineering applications. The facet joints and interspinous ligaments-derived MSCs are part of the microenvironment of the human ligaments of the spinal column and might play a crucial role in the development and progression of degenerative spine conditions.
T he human spinal column consists of a number of ligamentous structures that help resist motion. Among these are the interspinous ligaments (ILs), which pass between and connect adjacent vertebral spinous processes, and the facet joints (FJs) also known as zygapophysial joints, which are synovial joints between articular processes on adjacent vertebrae. 1 In degenerative spinal diseases, such as lumbar spinal canal stenosis (LSCS), ossification of the posterior longitudinal ligament (OPLL) and ossification of the ligamentum flavum (OLF), ligaments, and joints within the spinal canal can become hypertrophied and ossified, and ectopic bone formation may also be present. 2, 3 Although these conditions predominantly affect the ligamentum flavum and posterior longitudinal ligament, hypertrophy, and ossifications have also been reported in the FJs and ILs. [4] [5] [6] The etiology of these conditions largely remains unknown but various epidemiological, genetic, metabolic, and mechanical factors have been linked to it. Mesenchymal stem cells (MSCs) are also believed to play an essential part in the progression of these conditions. Furthermore, MSCs have the potential to differentiate into other types of cells including myocytes, tenocytes, hepatocytes, and neural cells. 12, 13 MSCs can be found in various tissues throughout the human body but have chiefly been isolated and studied from bone marrow and adipose tissue. They are involved in the maintenance and regeneration of connective tissues but have also been linked with pathological condition such as aortic calcification, wherein they give rise to ectopic bone formation. 14 Hitherto, MSCs have been described in the ligamentum flavum and posterior longitudinal ligament of the human spinal column and within the bone marrow of the vertebrae. 15, 16 Semiquantitative experiments on osteogenic potentials have evinced that MSCs from patients suffering from OPLL show superior osteogenic potentials, suggesting that they are directly involved in the ossification. 17 Accordingly, the goal of this study was to isolate and characterize cells from the FJs and ILs of the human spinal column and determine whether they possess similar cell surface markers and differentiation potentials as MSCs. Defining the microenvironment of the human ligaments of the spinal column is critical for identifying causes of degenerative spinal conditions and for future tissue engineering applications.
MATERIALS AND METHODS

Samples
The current study was approved by the Institutional Review Board on Human Research of the Faculty of Medicine, Chulalongkorn. Written informed consent was obtained before their participation in the study. FJs and ILs were harvested en bloc aseptically from 10 LSCS patients with age from 52 to 84 years during surgery of the lumbar spine, L2-L5 level. After an informed consent, samples were collected during posterior decompression surgery at our institution.
Cell Isolation and Culture
FJs and ILs samples were washed with phosphate buffered saline (PBS) and placed on petri dishes. If present, bone fragments, debris, and calcified areas were carefully removed. For the FJs samples, the ligamentous capsule was separated from the rest of the joint tissue and used for cell isolation. Subsequently the samples were cut into small pieces (1-2 mm 3 ) and washed in culture medium containing a-minimum essential medium (a-MEM; Hyclone Laboratories Inc., South Logan, UT) supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories Inc.) and 200 U/mL penicillin/streptomycin (Hyclone Laboratories Inc.). A sterile needle was used to place the pieces directly into T25 culture flasks (TPP, Trasadingen, Switzerland) and the pieces were covered with culture medium. The primary explant cultures were incubated at 378C in humidified incubators with 95% air and 5% CO 2 . Culture medium was changed twice per week for up to 4 weeks maximum, or until cell cultures reached 70% to 80% confluence. After initial isolation and expansion, tissue pieces were carefully detached and removed before cells were harvested with 0.25% Trypsin EDTA (Hyclone Laboratories Inc.), counted and passed into T75 culture flasks (Nunc, Roskilde, Denmark) for further passaging.
Flow Cytometric Analysis
To analyze cell-surface expression profile approximately 1.5 Â 10 6 cells from passages 1-3 were harvested with 0.25% Trypsin EDTA. Cells were washed with cell staining buffer (PBS with 2% FBS) twice and once with cell staining buffer containing 0.1% sodium azide (Sigma-Aldrich, St. Louis, MO) before being incubated with antihuman antibodies CD29, CD34, CD44, CD45, CD73, CD90, and CD105 (BioLegend, San Diego, CA) on ice. After incubation, cells were washed twice with cell staining buffer containing 0.1% sodium azide before being suspended in cell staining buffer containing 2% paraformaldehyde (Sigma-Aldrich) and analyzed in BD FACSCalibur (BD Bioscience, San Jose, CA). 
Cell Differentiation Protocols
For tri-lineage differentiation, cells from passages 2 to 3 were harvested and grown in osteogenic, adipogenic, and chondrogenic differentiation medium. All experiments were performed in triplicates. For osteogenic differentiation, 1.5 Â 10 5 cells were seeded in six-well plates (Thermo Fisher Scientifics, Waltham, MA) and incubated in culture medium for 3 days. After 3 days of initial seeding, the medium was switched to osteogenic medium and the cells cultured for 21 days, controls were grown in culture medium and medium was replaced two times per week. Osteogenic medium consisted of culture medium supplemented with 10 nM dexamethasone (SigmaAldrich), 10 mM b-glycerophosphate (Sigma-Aldrich), and 50 mg/mL ascorbate-2 phosphate (Sigma-Aldrich).
For adipogenic differentiation, 1.7 Â 10 5 cells were seeded in six-well plates and incubated in culture medium for 3 days. After 3 days of initial seeding, the medium was switched to adipogenic medium and the cells cultured for 21 days, controls were grown in culture medium and medium was replaced two times per week. Adipogenic medium consisted of culture medium supplemented with 100 nM dexamethasone, 50 mg/mL indomethacin, 0.45 mM 3-isobutyl-1-methylxanthine (MP Biomedicals, Santa Ana, CA), and 10 mg/mL insulin.
For chondrogenic differentiation, approximately 1.0 Â 10 6 cells were spun down in 15 mL polypropylene tubes (Thermo Fisher Scientifics) at 1500 rpm for 10 minutes to form a cell pellet at the bottom. The pellet cultures were incubated for 3 days in culture medium before being switched to chondrogenic medium and grown for 21 days. Controls were grown in culture medium containing 1% FBS. Medium was replaced two times per week after centrifuging the tubes at 350 rpm for 3 minutes. Chondrogenic medium consisted of a-MEM supplemented with 1% FBS 200 U/mL penicillin/streptomycin, 10 nM dexamethasone, 10 ng/mL transforming growth factor-b3 (ProSpec, Rehovot, Israel), and 6.25 mg/mL insulin-transferrin-selenium (ITS supplement)(MP Biomedicals).
Staining of Differentiated Cells
For evaluating differentiation potentials, calcium deposits were stained by fixing osteogenic cultures in 100% alcohol (Sigma-Aldrich) for 30 minutes and staining with 0.2% Alizarin Red S (Sigma-Aldrich) for 20 minutes at room temperature. To detect lipid accumulation, adipogenic cultures were fixed in 10% formaldehyde for 1 hour at 48C and stained with 0.3% Oil Red O (Fluka, Buchs, Switzerland) for 15 minutes at room temperature. Chondrogenic pellets were fixed in 10% formaldehyde for 24 hours at room temperature before being dehydrated in a series of ethanol washes. Afterwards the pellets were embedded in paraffin and cut into 5-mM sections. The sections were stained with Toluidine blue (Merck, White House Station, NJ).
Reverse Transcription-Polymerase Chain Reaction
Total mRNA from osteogenic, adipogenic, chondrogenic, and control cultures was isolated using RNeasy Mini Kit (QIAGEN, Valencia, CA) following the protocol provided by the manufacturer. cDNA was synthesized in a reverse transcription-polymerase chain reaction (RT-PCR) using TaqMan Reverse Transcription Reagents Kit (Applied Biosystems, Branchburg, NJ). Two genes were selected for each induction and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as a reference gene. The genes were as follows: (1) for osteogenic induction, Runt-related transcription factor 2 (Runx2) and Osteopontin, (2) for adipogenic induction, Peroxisome proliferator-activated receptor gamma 2 (PPAR-g2) and Lipoprotein lipase (LPL), and (3) for chondrogenic induction, SRY (sex determining region Y)-box 9 (Sox9) and Aggrecan, as shown in Table 1 . PCR was performed using PerfectTaq Plus MasterMix Kit (5 PRIME, Hilden, Germany) and resulting products were electrophoresed on 2% agarose gel (Research Organics, St. Cleveland, OH) at 100 V for 30 minutes, stained with ethidium bromide (Sigma-Aldrich), and photographed promptly in Gel Doc XRþ (Bio-Rad, Hercules, CA).
Hematoxylin and Eosin Staining of FJs and ILs
FJs and ILs samples of two patients were cut into small pieces (5-6 mm 3 ). The samples were fixed in 10% formaldehyde for 24 hours before being dehydrated through a series of ethanol washes and cut into 5-mM sections, and stained with hematoxylin and eosin (H&E; C.V. Laboratories, Bangkok, Thailand).
RESULTS
Cell Isolation
After 3 to 7 days from tissue explanting, a homogenous population of spindle-shaped and plastic-adherent cells started creeping and could be visible around the periphery of the tissue pieces. They evinced a high proliferation rate reaching confluence in 10 to 15 days. After being harvested and transferred to larger volume, they retained their high proliferation rates and reached 70% to 80% confluence in 7 to 10 days for additional four passages before being terminated.
Cell Surface Marker Profile
Flow cytometry analysis revealed that cell populations derived from both FJs and ILs were entirely or partly positive for the MSCs markers CD29, CD44, CD73, CD 90, and CD105. Furthermore, both cell populations were completely negative for the hematopoietic stem cell markers CD34 and CD45 (Figure 1 ).
Tri-Lineage Capacity of Isolated Cells
When confluent cell populations from both FJs and ILs were exposed to osteogenic medium the shape of the cells changed and a mineralized matrix could be visible on top of the cell layer. This matrix was stained bright red with Alizarin Red S, confirming the accumulation of calcium. For control cultures, there was no visible change in cell shape and Alizarin Red S staining revealed no accumulation of calcium deposits (Figure 2A) . RT-PCR analysis showed an increased expression of the osteogenesis master regulator gene Runx2 compared with the controls but a basal expression of Runx2 was also detected in the controls as previously reported. 18 Osteopontin expression was only detected in the induction cultures ( Figure 3) .
Adipogenic induction also changed the shape and density of both cell lines. Cells became more elongated and flat, and a decreased cell density was observed especially at the sites where lipid droplets became visible. Oil Red O stained both intracellular and extracellular lipid droplets in the induction cultures. For the control group, there were no visible extracellular lipid droplets and only a faint staining of intracellular lipid droplets was found ( Figure 2B ). The expression of the adipogenesis master regulator gene PPAR-g2 was detected in the induction cultures of both cell lines but not in the control cultures as shown by RT-PCR analysis. 19 Likewise, a clear expression of LPL was evident in the induction cultures but not in the controls (Figure 3 ).
In the cell pellet culture system, pellets were either introduced to chondrogenic medium or culture medium with 1% FBS. Pellets grown in chondrogenic medium formed a dense solid pellet that was easily processed for Toluidine blue staining, whereas pellets grown in control medium easily dispersed when being fixed and stained. Toluidine blue staining showed vast build-up of extracellular matrix in the pellets grown in chondrogenic medium with cells embedded in a collagen matrix and on the outskirts of the pellet, little to no extracellular matrix was detected in control pellets ( Figure 2C) . RT-PCR analysis of the chondrogenesis regulator genes Sox9 and Aggrecan showed an increased expression of both markers in the induction pellets of both cell lines, whereas no or a very faint expression was observed in the control pellets (Figure 3 ).
Tissue Composition of the FJ and IL
H&E staining evinced that FJs and ILs were composed of dense avascular collagenous tissue that was surrounded by a vascular cell rich area. Red blood cells and endothelial cells were visible in forming cell-rich zone within the vascular areas. The cell-rich areas were less dense than the inner tissue allowing greater cell mobility (Figure 4 ).
DISCUSSION
In this study, plastic-adherent cells could be isolated from the FJs and ILs of the LSCS patients. They showed high proliferation rates and expressed the known specific surface markers of MSCs CD29, CD44, CD73, CD90, and CD105. Furthermore, they were negative for the hematopoietic markers CD34 and CD45. When subjected to induction medium, cells were able to differentiate into osteoblasts, adipocytes, and chondrocytes. Alizarin Red S, Oil Red O, and Toluidine blue staining revealed the accretion of mineral deposits in the osteogenic cultures, extracellular and intracellular lipid droplets in the adipogenic cultures, and the vast accumulation of extracellular matrix in the chondrogenic pellet cultures, respectively. Moreover, RT-PCR analysis showed increased mRNA expression of osteogenic, adipogenic, and chondrogenic marker genes. These observations are consistent with findings of previous reports confirming the existence of MSCs within the human ligaments of the spinal column.
In 2011, Chen et al 20 reported the isolation of MSCs from the ligamentum flavum and their response to TGF-b. Further in 2012, Asari et al 15 isolated MSCs from the ligamentum flavum and posterior longitudinal ligaments. In these studies, the emphasis was on the ligamentum flavum and the posterior longitudinal ligaments because of these structures often being hypertrophied and ossified in LSCS and OPLL patients. Harada et al 17 reported that MSCs from OPLL patients showed significantly stronger osteogenic response compared with MSCs from non-OPLL patients when exposed to induction medium in vitro, although retaining their adipogenic and chondrogenic potential. This suggests that they might have altered cell profile and be directly involved in the ossification process of the posterior longitudinal ligament. Ossification and ectopic bone formation have also been reported in the FJs of LSCS patients and in rare cases the ILs. The ILs are ligaments that pass between adjacent vertebral spinous processes and thus come in direct contact with the ligamenta flava anteriorly on each side. The FJs, unlike the IL, ligamentum flavum, and posterior longitudinal ligament, are synovial joints between superior and inferior articular processes on adjacent vertebrae and previous reports describe the isolation of MSCs from human synovial joints. 21, 22 Hence, we hypothesized that MSCs could also be found in these tissues.
FJs and ILs were composed of both vascular cell rich areas and dense avascular areas. Endothelial cells were visible in the cell rich areas, one of the characteristics of endothelial cells is the expression of the surface marker CD34, but our cell cultures were completely negative for CD34. 23 Pericytes are often in areas surrounding endothelial cells and have been suggested as the precursors to MSCs showing similar differentiation profile and surface marker expression. 24, 25 In situ immunohistochemical staining of ligamentum flavum tissues of OLF and non-OLF patients has showed both the existence of endothelial cell layers and a CD73, CD90, and CD105 positive pericyte layer surrounding the endothelial cells. 26 We hypothesize that the cells isolated in this study could originate from pericytes in the cell rich areas and/or from endothelial cells. The identity of these cells remains unclear at present and further investigations on the originating cellular source will be necessary and are currently underway.
Tissue engineering utilizing MSCs is becoming increasingly popular. In the field of orthopedics, they have been used successfully for bone and cartilage regeneration. MSCs from various tissues in the knee joint have been extensively studied. A number of clinical studies have confirmed the formation of cartilage in damaged areas of the knee joint after an implant or injection of MSCs. 27 Although MSCs in the ligaments of the spinal column and their applications of spinal surgery have not been as comprehensively studied, they have gained attention for spinal fusion and the treatment of degenerative disc diseases. 28, 29 The interspinous ligaments and facet joints may provide alternative sources of MSCs for tissue engineering applications. These cells are part of the microenvironment of the human ligaments of the spinal column and might play a critical role in the development and progression of degenerative spine conditions.
A limiting factor in the study was the age of the patients involved. Age has been shown to affect the proliferation and osteogenic potentials of bone marrow and adipose derived MSCs. 30 Notwithstanding, it has been shown that phenotypic and tri-lineage potentials of ligament derived MSCs is not altered by age. 31 Moreover, all cells involved in this study came from the ligaments of the spinal column that were under stress from either LSCS or spondylosis. Injury or inflammation can result in MSC mobilization. Hence, MSCs might have migrated to the hypertrophied areas of the spine, potentially affecting the results presented here.
In summary, we report for the first time the existence of MSCs within the ILs and FJs of the human spinal column. Defining the microenvironment within the ligaments of the spinal column is a crucial step for better understanding the mechanisms of degenerative diseases and how to treat them 
Key Points
This study demonstrated the existence of MSCs in the human FJs and ILs. Flow cytometry analysis showed FJs-and ILsderived cells were positive for classic MSCs markers CD29, CD44, CD73, CD90, and CD105, whereas negative for hematopoietic markers CD34 and CD45. Staining and gene-expression analysis evinced that cells were multipotent, capable of osteogenic, adipogenic, and chondrogenic differentiation. FJs and ILs were composed of dense cell deprived areas and vascular cell rich areas. FJs-and ILs-derived cells osteogenic potentials might play an important role in the ossification processes of the human ligaments of the spinal column.
